This unit describes methods for the synthesis of thiol-modified ribonucleosides, their incorporation into synthetic RNA, and the formation of intramolecular disulfide bonds in RNA by air oxidation. The disulfide bonds can be formed in quantitative yields between thiols positioned in close proximity in either RNA secondary or tertiary structure. Disulfide cross-links are useful tools to probe solution structures of RNA, monitor dynamic motions, and stabilize folded RNAs.
5-in. (12.5-cm) glass pipets Rotary shaker
Prepare thiol-modified phosphoramidites for automated synthesis 1. At least 24 hr before beginning the RNA synthesis, distill 1 L CH 2 Cl 2 and 100 mL CH 3 CN from CaH 2 .
2. Dry the necessary thiol-modified phosphoramidites by coevaporation with distilled CH 3 CN (~1 mL/50 mg) three times, then under high vacuum overnight. 
, G N-iBu , and U 5′-O-dimethoxytrityl, 2′-O-tert-butyldimethylsilyl, 3′-O-diisopropyl-β-cyanoethyl phosphoramidites as well as A N-Pac and G N-Pac 5′-O-dimethoxytrityl, 2′-O-tert-butyldimethylsilyl, and 3′-O-diisopropyl-β-cyanoethyl phosphoramidites. Other exocyclic amine-protecting groups should also be suitable for these protocols.

Backfill the flask(s) containing the thiol-modified phosphoramidite(s) with Ar and
quickly seal with a rubber septum.
5. Working under Ar, dilute the thiol-modified phosphoramidite(s) with distilled CH 3 CN to 50 mg/mL. Using a cannula, place the solution into an oven-dried bottle of appropriate size for the synthesizer and place on the synthesizer.
This amidite concentration is recommended for an Expedite 8909 synthesizer (Perseptive Biosystems). Other synthesizers will also work; amidites should be diluted according to the manufacturer's protocols.
6. Prime the delivery lines with all ancillary reagents twice, and then prime the delivery lines with the amidite solutions twice, to ensure that the flow lines from each bottle of reagent and from the amidite bottle are filled.
7. Place a CPG column loaded with the appropriate nucleoside onto the synthesizer.
See Glick (1991) for details on the loading of thiol-modified supports.
8. Begin the RNA synthesis following the manufacturer's protocols.
Addition of CH 2 Cl 2 wash steps both before and after TCA treatment improves coupling efficiencies (see Goodwin et al., 1996) .
RNA synthesis is very sensitive to water. Eliminate water from all reagents and handling procedures as much as possible. The use of freshly distilled CH 3 CN and CH 2 Cl 2 and newly opened dry reagents improves coupling efficiencies and allows the synthesis of RNAs exceeding 75 residues. It is also recommended that phosphoramidites be handled under an Ar atmosphere in a glove bag, especially in humid conditions. While solutions of A, C, and U phosphoramidites are stable for at least 5 days, the coupling efficiency of G phosphoramidites is increased with fresh dilution on a daily basis. A typical RNA coupling cycle
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Methods for Cross-Linking Nucleic Acids takes 15 min (Gait et al., 1991; Goodwin et al., 1994) . The synthesis of one 76-mer tRNA sequence takes ∼19.5 hr.
Deprotect synthetic RNA 9. Cool a 2-dram oven-dried vial under N 2 .
10. Add 2 to 3 mL anhydrous ethanol to the vial and cool in a brine/ice water bath under N 2 for 2 to 5 min.
11. Remove the N 2 line and insert a needle attached to a lecture bottle of NH 3 and a vent. Saturate the ethanol by constant bubbling with NH 3 for at least 30 min.
This procedure should be conducted in a fume hood.
12. Open the synthesis column and pour the solid support into a 1-dram oven-dried vial.
13. Quickly pour ∼1 mL of the anhydrous ethanolic ammonia solution into the vial. Seal threads of the vial with Teflon tape and cap tightly. Seal the outside of the cap with Teflon tape and parafilm to prevent evaporation. 24. Transfer about half of the solution in each tube to another 1.5-mL microcentrifuge tube, resulting in four tubes containing ∼300 µL solution each.
25. Add 1 mL absolute ethanol to each tube, mix thoroughly, and place at −20°C overnight.
26. Centrifuge all tubes for at least 1 hr at 16,000 × g, 4°C. Decant the supernatant from the pellet and then wash the pellet with 200 µL of -20°C absolute ethanol. Dry the pellet under vacuum.
27. Quantify the crude RNA by dissolving the pellets in water and measuring the absorbance of a 1-µL aliquot of the solution at 260 nm. Estimate the molar extinction coefficient (ε 260 ) using nearest-neighbor calculations.
The ε 260 calculation is done as described by Breslauer et al. (1986) ; see UNIT 7.3. This assumes that the modified residues behave like their unmodified counterparts.
Both crude and purified RNA samples should be stored either pelleted from ethanol precipitation or dried down from aqueous solutions at −20°C.
28. Purify the crude RNA to single-nucleotide resolution (see Support Protocol 2).
SUPPORT PROTOCOL 2
PURIFICATION OF SYNTHETIC RNA CONTAINING tert-BUTYLDISULFIDE PROTECTED THIOL-MODIFIED NUCLEOSIDES
Single-nucleotide resolution of the products resulting from solid-phase synthesis, the fulllength oligomer as well as failed sequences, can be achieved using denaturing PAGE (also see APPENDIX 3B). The procedures that are outlined have been optimized for the purification of a 76-mer tRNA sequence. These protocols can be modified for sequences of other lengths by adjusting the percentage of acrylamide in the gel matrix until both the full-length RNA and the sequence resulting from incomplete synthesis one residue from the end are resolved. 8. Remove the inner elution tube carefully, rinse the electrode with 20 µL water, and add to the eluted RNA. Remove the electrode and pipet all buffer remaining above the porous plug into the eluted RNA.
Materials
Purify RNA from eluate 9. Add 70 µL of 1.5 M NaOAc, pH 5.5, and 1 mL absolute ethanol. Mix thoroughly and place at −20°C overnight.
10. Centrifuge 1 hr at 16,000 × g, 4°C.
11. Decant the solution and dry the pellet of RNA under vacuum.
12. Combine the RNA into one tube by dissolving the pellets in water and transferring to one tube. Rinse the tubes at least 3 times with water to ensure transfer of all RNA. Evaporate the RNA solutions dryness under vacuum and store at −20°C until use (stable at least 1 year).
SUPPORT PROTOCOL 3
QUANTIFICATION OF THIOLS IN RNA USING 7-DIETHYLAMINO-3-(4′-MALEIMIDYLPHENYL)-4-METHYLCOUMARIN
Reaction of free thiols with 7-diethylamino-3-(4′-maleimidylphenyl)-4-methylcoumarin produces a fluorescent adduct that can be quantified spectroscopically (Parvari et al., 1983) . This provides a convenient method to determine when the cross-linking reaction is complete. The method can be used to accurately determine thiol concentrations as low as 0.5 µM.
Materials
RNA solution containing free thiols (see Basic Protocol) 5× CPM buffer (see recipe) 0.4 mM CPM in isopropyl alcohol (see recipe) 1% Triton X-100 Sodium phosphate buffer/NaCl, pH 7.0 (see recipe) Fluorimeter and cuvette 1. To a 5-µL aliquot of an RNA solution containing free thiols, add 1 µL of 5× CPM buffer and 5 µL of 0.4 mM CPM in isopropyl alcohol. Incubate the sample 10 min at room temperature.
2. Dilute the reaction with 489 µL of 1% Triton X-100.
Prepare a blank consisting of:
5 µL sodium phosphate buffer/NaCl, pH 7.0 1 µL 5× CPM buffer 5 µL 0.4 mM CPM in isopropyl alcohol 489 µL Triton X-100.
4. Transfer blank solution to a fluorimeter cuvette and measure the fluorescence intensity at 480 nm (λ ex = 390 nm).
5. In the same way, measure the fluorescence intensity of the RNA solution from step 2, and correcting for background fluorescence.
A calibration curve can be constructed using DTT as a standard (0.5 to 5 mM is a useful range).
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SYNTHESIS OF 5′-O-(4,4′-DIMETHOXYTRITYL)-2′-O-(tert-BUTYLDIMETHYLSILYL)-N 3 -(ETHYL)URIDINE-3′-O-(N,N-DIISOPROPYL-β-CYANOETHYLPHOSPHORAMIDITE) tert-BUTYL DISULFIDE (S.5)
The preparation of a thiol-containing nucleoside phosphoramidite modified at the N 3 position of uridine is described. The synthesis of 5′-O- (4,4′- 2. Dissolve the dried uridine in 83.6 mL freshly distilled Et 3 N (600 mmol, 6 eq) and 250 mL DMF.
3. Cool the solution to 4°C.
4. Slowly add 42 mL chlorotrimethylsilane (330 mmol, 3.3 eq) and stir the reaction under N 2 for 2 hr.
5. Remove salts that precipitate during the course of the reaction by filtration under N 2 .
6. Triturate the residual salts in the filtrate with 1:1 (v/v) petroleum ether/diethyl ether.
7. Dissolve the residue in 400 mL DMF and cool to 4°C.
8. Add 4.40 g NaH (110 mmol, 1.1 eq) to the reaction mixture with stirring under N 2 .
9. After hydrogen evolution subsides, add 37 g 1-tosyl-2-benzoylmercaptoethanol (110 mmol, 1.1 eq) and stir the reaction overnight at 45°C.
This step is based on the procedure detailed by Glick (1991) .
10. Cool the solution to room temperature and remove the silyl groups by the addition of 5 mL of 48% aqueous HF.
-(ethyl)uridine tert-butyl disulfide. (a) succinic anhydride, DMAP, pyridine; (b) pentachlorophenol, DCC, DMAP, CH2Cl2; (c) CPG (1000 Å), Et3N, DMF. Abbreviations: DCC, dicyclohexyl-carbodiimide; DMAP, 4-dimethylaminopyridine; DMF, dimethylformamide; DMSO, dimethyl sulfoxide.
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Methods for Cross-Linking Nucleic Acids 11. After 1 hr, dilute the reaction mixture with CH 2 Cl 2 and wash successively with water and brine.
12. Dry the organic layer over Na 2 SO 4 and concentrate under vacuum. 23. Purify the residue by flash chromatography (APPENDIX 3E) using a step gradient of 3:2 to 2:3 (v/v) petroleum ether/EtOAc to obtain S.2 as a white foam (9.7 g, 70% yield).
Prepare 5′-O-(4,4′-dimethoxytrityl)-2′-O-(tert-butyldimethylsilyl)-N 3 -(ethyl)uridine tert-butyl disulfide (S.3) and 5′-O-(4,4′-dimethoxytrityl)-3′-O-(tert-butyldimethylsilyl)-N 3 -(ethyl)uridine tert-butyl disulfide (S.4)
24. Dissolve 9.5 g compound S.2 (13.6 mmol) in 50 mL DMF.
25. Add 2.31 g imidazole (34 mmol, 2.5 eq) and 2.58 g tert-butyldimethylsilyl chloride (17.1 mmol, 1.25 eq).
26. Stir the mixture overnight under N 2 .
27. Dilute the reaction with EtOAc, wash the mixture with brine, dry over Na 2 SO 4 , and evaporate under vacuum.
28. Purify the residue by flash chromatography (APPENDIX 3E) using 9:1 (v/v) petroleum ether/EtOAc to obtain S.3 and S.4 as white foams (S.3: 3.9 g, 40% yield; S.4: 2.1 g, 25% yield).
Prepare 5′-O-(4,4′-dimethoxytrityl)-2′-O-(tert-butyldimethylsilyl)-N 3 -(ethyl)uridine-3′-O-(N,N-diisopropyl-β-cyanoethylphosphoramidite) tert-butyl disulfide (S.5)
29. Dissolve 0.81 g compound S.3 (1.0 mmol) in 3.0 mL THF.
30. Add 1.0 mL 2,4,6-collidine (7.5 mmol, 7.5 eq) and 40 µL N-methylimidazole (0.5 mmol, 0.5 eq).
31. Add 0.56 mL chloro-N,N-diisopropylamine-β-cyanoethyl phosphine (2.5 mmol, 2.5 eq) dropwise while stirring under N 2 .
32. After 2 hr, dilute the reaction with EtOAc and wash the mixture with NaHCO 3 and brine.
33. Dry the organic layer over Na 2 SO 4 , and concentrate under vacuum.
34. Purify the residue by flash chromatography (APPENDIX 3E) using 80:15:5 (v/v/v) petroleum ether/EtOAc/Et 3 N to obtain S.5 as a brittle white foam (0.82 g, 82% yield). (Fig. 5.4 .2), a thiol-modified controlled-pore glass (CPG) support, is prepared using a side product (S.4) obtained in Support Protocol 4. This nucleoside support can be used to introduce a thiol modification at the 3′ terminus of an RNA species. The nucleoside loading concentration is usually 32 µmol/g (Schaller et al., 1963) .
SUPPORT PROTOCOL 5
SYNTHESIS OF 5′-O-(4,4′-DIMETHOXYTRITYL)-3′-O-(tert-BUTYL-DIMETHYLSILYL)-2′-O-SUCCINYL-CPG N 3 -(ETHYL)URIDINE tert-BUTYL DISULFIDE CONTROLLED-PORE GLASS SUPPORT
5′-O-(4,4′-dimethoxytrityl)-3′-O-(tert-butyldimethylsilyl)-2′-O-succinyl-CPG N 3 -(ethyl)- uridine tert-butyl disulfide
Materials
Compound 2. Add 0.69 g succinic anhydride (6.6 mmol, 3.0 eq) and 0.133 g DMAP (1.1 mmol, 0.5 eq) and incubate 12 hr.
3. Concentrate the reaction mixture under vacuum.
4. Dissolve the residue in CH 2 Cl 2 and wash with brine.
5. Dry the organic layer over Na 2 SO 4 and concentrate under vacuum.
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Methods for Cross-Linking Nucleic Acids 6. Dissolve the crude succinate in 25 mL CH 2 Cl 2 and add 0.88 g pentachlorophenol (3.3 mmol, 1.5 eq), 67 mg DMAP (0.55 mmol, 0.25 eq), and 0.91 g DCC (4.4 mmol, 2.0 eq).
7. After 8 hr, add petroleum ether to precipitate dicyclohexylurea.
8. Gravity filter the reaction mixture and concentrate under vacuum.
9. Purify the residue by flash chromatography (APPENDIX 3E) using 4:1 (v/v) petroleum ether/EtOAc to obtain S.6 as a white foam (2.3 g, 90% yield).
Prepare 5′-O-(4,4′-dimethoxytrityl)-3′-O-(tert-butyldimethylsilyl)-2′-O-succinyl-CPG N 3 -(ethyl)uridine tert-butyl disulfide (S.7) 10. Suspend long-chain alkyl amino CPG in 4.0 mL DMF with 0.58 g compound S.6 (0.5 mmol, 5 eq) and 0.14 mL Et 3 N (1.0 mmol, 10 eq).
11. Gently swirl the mixture in the dark for 2 days.
12. Vacuum filter the support and rinse successively with 15 mL DMF, 50 mL CH 3 OH, and 50 mL Et 2 O.
13. Remove the residual solvents under vacuum.
14. Acetylate the unreacted amino groups by swirling the support for 1 hr with 0.70 mL acetic anhydride (7.0 mmol, 100 eq) and 10 mg DMAP (70 µmol, 1 eq) in 4 mL pyridine.
15. Rinse the support successively with 30 mL pyridine, 90 mL CH 3 OH, and 90 mL Et 2 O.
16. Remove the residual solvents under vacuum. -(2-nitrophenyl) uridine (S.9) in two sets of steps as described by . This compound is then allylated using the procedure described by .
Materials
Uridine 3. Dissolve 732 µL 1,3-dichloro-1,1,3,3-tetraisopropyldisiloxane (2.29 mmol, 1.1 eq) in 0.5 mL CH 2 Cl 2 and add dropwise to uridine solution.
4. Stir the reaction, allowing it to warm to room temperature, for 4 hr.
5. Dilute the reaction by adding 0.4 mL CH 3 OH, and evaporate under vacuum.
6. Dissolve the residue in 15 mL CH 2 Cl 2 and wash three times with saturated aqueous NaHCO 3 .
7. Dry the organic layer over Na 2 SO 4 and evaporate under vacuum.
8. Dissolve the residue in toluene and evaporate under vacuum to obtain S.8 as a white foam (1.0 g, 100%).
Prepare 3′,5′-O-(tetraisopropyldisiloxane-1,3-diyl)-O 4 -(2-nitrophenyl) uridine (S.9) 9. Dissolve 3.4 g compound S.8 (6.9 mmol) in 35 mL CH 2 Cl 2 and cool to 0°C.
It may be necessary to repeat the synthesis of S.8 to obtain the necessary quantity for the synthesis of S.9.
10. Add 9 mL Et 3 N (64.6 mmol, 9.4 eq) followed by 6.4 mL chlorotrimethylsilane (50.4 mmol, 7.3 eq) and stir the reaction 4 hr under N 2 .
11. Pour the reaction onto 100 mL saturated aqueous NaHCO 3 and stir for 10 min.
12. Wash the organic layer with brine, dry over Na 2 SO 4 , and concentrate under vacuum to a peach foam (3.8 g, 100%).
13. Dissolve the residue in 36 mL CH 2 Cl 2 and 4.8 mL Et 3 N (34.6 mmol, 5 eq).
14. Add 2.25 g 2-mesitylenesulfonyl chloride (10.3 mmol, 1.5 eq) and 0.5 g DMAP (3.5 mmol, 0.5 eq). Stir for 15 min.
15. Add 2.0 g 2-nitrophenol (14.4 mmol, 2.1 eq) and 0.42 g DABCO (3.7 mmol, 0.55 eq) and continue stirring for 3 hr.
16. Dilute the reaction with 40 mL CH 2 Cl 2 and wash with saturated aqueous NaHCO 3 .
17. Backwash the aqueous layer twice with CH 2 Cl 2 .
18. Dry the combined organic layers over Na 2 SO 4 and concentrate under vacuum.
19. Dissolve the residue in 21 mL CH 2 Cl 2 and add a solution of 2.70 g p-toluenesulfonic acid monohydrate in 21 mL p-dioxane.
Current Protocols in Nucleic Acid Chemistry
5.4.15
Methods for Cross-Linking Nucleic Acids 20. Stir the reaction for 2 min and then quench by adding 2.5 mL Et 3 N.
21. Pour the reaction onto saturated aqueous NaHCO 3 and backwash the aqueous layer with CH 2 Cl 2 twice.
22. Dry the combined organic layers over Na 2 SO 4 and concentrate under vacuum.
23. Purify the residue by flash chromatography (APPENDIX 3E) using 55% EtOAc in petroleum ether to obtain S.9 (4.5 g, 6.9 mmol, 100%).
Prepare 3′,5′-O-(tetraisopropyldisiloxane-1,3-diyl)-2′-O-allyl-O 4 -(2-nitrophenyl) uridine (S.10)
24. Dissolve the 4.5 g compound S.9 in 37 mL THF (37 mL).
25. Add 371 mg triphenylphosphine (1.4 mmol, 0.2 eq) and 168 mg tris(dibenzylideneacetone) dipalladium(0) (0.2 mmol, 0.026 eq).
26. Add 1.9 mL allyl ethyl carbonate (14.0 mmol, 2 eq) dropwise.
27. Heat the reaction to reflux for 2 hr.
28. Cool the reaction to room temperature and concentrate under vacuum.
29. Purify the residue by flash chromatography (APPENDIX 3E) using 18% EtOAc in petroleum ether to obtain S.10 (3.3 g, 72%).
SUPPORT PROTOCOL 7
SYNTHESIS OF 5′-O-(4,4′-DIMETHOXYTRITYL)-N 4 -(BENZOYL)-2′-O-(ETHYL)CYTIDINE-3′O-(N,N-DIISOPROPYL->-CYANOETHYLPHOS-PHORAMIDITE) tert-BUTYL DISULFIDE (S.20)
The intermediate prepared in Support Protocol 6 is converted to 3′,5′-O-(tetraisopropyldisiloxane-1,3-diyl)-N 4 -(benzoyl)-2′-O-allyl cytidine (S.11) using the method of replacing isobutyryl chloride with benzoyl chloride. The synthesis of the fully protected phosphoramidite can be accomplished in nine sets of steps (Fig. 5.4.3) .
Materials
Compound 2. Cool the tube to −78°C using a CO 2 /i-PrOH bath.
3. Add 5 g NH 3 (299 mmol, 100 eq).
4. Seal the reaction vessel and stir while allowing it to warm to room temperature for 62 hr.
5. Cool the reaction mixture to −78°C using CO 2 /i-PrOH bath and open the pressure tube.
6. Allow the mixture to warm under N 2 to room temperature.
Concentrate under vacuum.
8. Purify the residue by flash chromatography (APPENDIX 3E) using a step gradient of 0 to 10% CH 3 OH in 7:3 (v/v) petroleum ether/EtOAc.
9. Dissolve the purified residue in 14 mL pyridine and 6.5 mL DMF.
10. Add 0.72 g benzoic anhydride (3.20 mmol, 1.5 eq) and stir the reaction under N 2 for 12 hr at room temperature.
11. Cool the reaction to 0°C and add 0.4 mL water.
12. Stir the reaction 5 min at 0°C, then add 0.3 mL NH 4 OH.
13. Continue stirring the reaction 10 min at 0°C, then concentrate the mixture under vacuum. 32. Purify the residue by flash chromatography (APPENDIX 3E) using 19:1 (v/v) CH 2 Cl 2 /CH 3 OH to obtain S.14 as a white foam (1.09 g, 93% yield).
Prepare 3′,5′-O-(tetraisopropyldisiloxane-1,3-diyl)-2′-O-(2,3-dihydroxypropyl)-cytidine (S.12)
Prepare 3′,5′-O-(tetraisopropyldisiloxane-1,3-diyl)-N 4 -(benzoyl)-2′-O-(ethyl-2-methylsulfonate)cytidine (S.15)
33. Dissolve the 1.09 g compound S.14 (1.72 mmol) in 17 mL CH 2 Cl 2 and 1.4 mL pyridine (17.2 mmol, 10 eq).
34. Cool under N 2 to 0°C.
35. Add 0.19 mL methanesulfonyl chloride (2.41 mmol, 1.2 eq) dropwise.
36. Stir the mixture under N 2 while gradually warming to room temperature overnight.
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Methods for Cross-Linking Nucleic Acids 37. Dilute the reaction with Et 2 O and wash with saturated aqueous NaHCO 3 and brine.
38. Dry the organic layer over Na 2 SO 4 and concentrate under vacuum.
39. Purify the residue by flash chromatography (APPENDIX 3E) using 24:1 (v/v) CH 2 Cl 2 /CH 3 OH to obtain S.15 as a white foam (1.13 g, 92% yield). 41. Add 2.0 mL Et 3 N (14.6 mmol, 10 eq) and 0.34 mL thiobenzoic acid (2.91 mmol, 2.0 eq).
Prepare 3′,5′-O-(tetraisopropyldisiloxane-1,3-diyl)-N 4 -(benzoyl)-2′-O-(thioben
42. Stir the mixture under N 2 in the dark overnight.
43. Dilute the solution with Et 2 O and wash with saturated aqueous NaHCO 3 and brine.
44. Dry the organic layer over Na 2 SO 4 and concentrate under vacuum to a dark orangebrown solid.
45. Purify the residue by flash chromatography (APPENDIX 3E) using a step gradient of 0 to 10% CH 3 CN in 2:1 (v/v) petroleum ether/EtOAc to obtain S.16 as a white foam (0.84 g, 76% yield). 54. Dilute the reaction with EtOAc, and then wash with 1 N aqueous sodium citrate and the saturated aqueous NaHCO 3 .
Prepare N 4 -(benzoyl)-2′-O-(thiobenzoylethyl
55. Dry the organic layer over Na 2 SO 4 and concentrate under vacuum.
56. Purify the residue by flash chromatography (APPENDIX 3E) using 24:1 (v/v) CH 2 Cl 2 /CH 3 OH to obtain S.18 as a pink foam (0.18 g, 74% yield).
59. Dilute the reaction with CH 2 Cl 2 and wash with saturated aqueous NaHCO 3 and brine.
60. Dry the organic layer over Na 2 SO 4 and concentrate under vacuum.
61. Purify the residue by flash chromatography (APPENDIX 3E) using 1:1 (v/v) petroleum ether/acetone to obtain S.19 as a tan foam (0.13 g, 77% yield). 64. Add 23 µL chloro-N,N-diisopropylamine-β-cyanoethyl phosphine (0.10 mmol, 1.5 eq) dropwise and stir the reaction under N 2 while allowing it to warm to room temperature.
Prepare 5′-O-(4,4′-dimethoxytrityl)-N 4 -(benzoyl)-2′-O-(ethyl
65. After 2 hr, quench the excess chloridate with 0.3 mL CH 3 OH and concentrate the mixture under vacuum.
66. Purify the residue by flash chromatography (APPENDIX 3E) using 2:1 (v/v) petroleum ether/acetone to obtain S.20 as a white foam (58 mg, 84% yield).
SUPPORT PROTOCOL 8
SYNTHESIS OF 5′-O-(4,4′-DIMETHOXYTRITYL)-2′-O-(ETHYL)URIDINE-3′-O-(N,N-DIISOPROPYL->-CYANOETHYLPHOSPHORAMIDITE) tert-BUTYL DISULFIDE
The intermediate S.10 prepared in Support Protocol 6 can be converted to 3′,5′-O-(tetraisopropyldisiloxane-1,3-diyl)-2′-O-allyl uridine (S.21) using nitrobenzaldoxime and 1,1,3,3-tetramethylguanidine as described by . The synthesis of the fully protected phosphoramidites can be accomplished in nine sets of steps (Fig. 5.4.4) . 9. Purify the residue by flash chromatography (APPENDIX 3E) using a step gradient of 0 to 5% CH 3 OH in CH 2 Cl 2 to obtain S.21 (1.61 g, 99%) . 12. Precipitate the osmium salts with 2 mL saturated aqueous sodium bisulfite and pour the mixture through a funnel containing Celite.
Materials
13. Evaporate the solvent under vacuum to obtain S.22 as a white foam (1.77 g, 100% yield).
Prepare 3′,5′-O-(tetraisopropyldisiloxane-1,3-diyl)-2′-O-(ethanal)uridine (S.23)
14. Dissolve 437 mg compound S.22 (0.8 mmol) in 7.8 mL of 3:
15. Add 209 mg NaIO 4 (1.0 mmol, 1.25 eq) and stir the reaction in the dark for 6 hr. 48. After stirring for 2 min, add 164 mg 1-(tert-butylthio)-1,2-hydrazinedicarboxmorpholide (0.5 mmol, 1.2 eq) (Wünsch et al., 1982 
REAGENTS AND SOLUTIONS
COMMENTARY
Background Information
Generation of cysteine mutants in proteins capable of forming disulfide bonds is a useful technique to stabilize structure as well as to probe structure, folding, and dynamics. Disulfide cross-links have also been incorporated into DNA to examine ground-state structure, trap non-ground-state structures, and examine protein-DNA and DNA-DNA interactions (Glick, 1998) . Disulfide cross-links have more recently been incorporated into RNA sequences to stabilize secondary structure (Goodwin and Glick, 1994; Allerson and Verdine, 1995) , to examine dynamic motion between helices in the Tetrahymena ribozyme (Cohen and Cech, 1997) , and to probe solution conformation of a tRNA, the hammerhead ribozyme, and the hairpin ribozyme (Sigurdsson et al., 1995; Goodwin et al., 1996; Earnshaw et al., 1997; Maglott and Glick, 1998) .
The methods that have been used to incorporate disulfide bonds into RNA have relied on either air oxidation or thiol-disulfide exchange. Although air oxidation is slower than thiol-disulfide exchange, using the methodology presented here it is possible to achieve quantitative conversion of the purified thiolmodified RNA to disulfide-cross-linked RNA. The ability to form intramolecular disulfide cross-links in quantitative yields makes it possible to produce milligram quantities of these constructs, which can then be used in a wide variety of biophysical and biochemical experiments. In addition, attachment of the alkylthiol tethers at positions other than the 5′ or 3′ hydroxyls allows for radiolabeling of constructs modified at the termini of the RNA.
Disulfide cross-links can be incorporated into RNA secondary and tertiary structures at many different locations. The specific thiolmodified nucleosides that are needed to create a particular cross-link depend on the location of the cross-links within the RNA. It is possible to form cross-links between two of the same thiol-modified nucleosides or between two different thiol-modified nucleosides. The preparation of nucleosides with thiol modifications at the N 3 position of uridine as well as at the 2′ hydroxyl of both cytidine and uridine is described in this unit. Preparation of many other thiol-modified nucleosides has been reported, including those with alkylthiols on both G and A (Glick, 1998) . Use of particular bases depends on the specific application (see Glick, 1998) . The thiol group in each of these nucleosides is protected as a tert-butyl disulfide, which is stable to all conditions of solid-phase synthesis. These protocols involve relatively simple synthetic organic chemistry techniques and standard glassware and equipment. In addition to the thiol-modified nucleosides described here, synthesis of both adenosine and guanosine derivatized with 2′-O-alkyl linkers has been achieved (Manoharan et al., 1993; Douglas et al., 1994; Gundlach et al., 1997) .
Alkylthiol-modified nucleosides have also been described with linkers at, among others, the C5 position of pyrimidines (Sun et al., 1996) , the C8 position of purines (Gundlach et al., 1997) , and all exocyclic amine groups on both purines and pyrimidines (Allerson et al., 1997) .
Compound Characterization
